Casein micelles form deposit layers on silicon micro-sieves during dead-end filtration. The pore size of the used micro-sieves was 0.8 μm. Sequential centrifugation was applied to prepare size-fractionated casein micelles. Dynamic light scattering (DLS) led to mono-exponential correlation functions indicating one prominent micelle size and a sharp size distribution. The hydrodynamic radius was R H = 75 nm. Atomic force microscopy (AFM) showed that casein micelles were distributed homogenously on the micro-sieve. Most of the micelles appeared as compact, spherical objects. Some of them got deformed due to aggregation. The sizes estimated from the AFM images were between 140-160 nm and in accordance with light scattering measurements. The filtration process was monitored by static light scattering (SLS) in the permeate. Scattering functions of casein micelles showed angle dependences, since their sizes exceeded /20 of the wavelength of the used laser light. To adjust for the angle-dependence, scattering data were extrapolated to zero using a form-factor fit of a sphere. During filtration, the resulting intensity decreased to 65% of the original value. As for the flux, two processes could be separated by fitting a double exponential function to the intensity data. The first process was fast with a characteristic time of 18 s and led to an intensity decrease by more than a half. The second process decayed with a characteristic time of 6 min. In the fast process retention of larger micelles takes place while smaller micelles pass through the pores of the micro-sieve. A participation of all micelle sizes and their migration through the formed cake explains the slow process.
Introduction
Deposits of casein micelles limit the separation process of casein micelles during the micro-filtration of milk. Casein micelles from cow milk are spherical aggregates consisting of four different types of caseins ( S1 -, S2 -, -and -casein) and colloidal calcium phosphate. The size distribution of casein micelles ranges from 50 nm to 500 nm with a mean size of 120 nm [1] . In contrast to the -andcaseins, the amphiphilic -casein is mainly localized on the surface of the micelles and built up the interface between the hydrophobic inside of the micelle and its hydrophilic surrounding. The -casein surface layer is assumed to act as a salted brush preventing further aggregation due to steric and entropic reasons. The overall size and the fine structure of casein micelles were investigated by means of different imaging and scattering techniques. It was demonstrated by light scattering experiments in solution and Xray scattering experiments in films that casein micelles decrease in size after treatment with chymosin, an enzyme which cuts off the -casein surface layer. Electron micrographs showed that the surface of the micelles is not smooth but shows a tubular substructure [2] . A structured surface was also found for untreated casein micelles by AFM in a liquid cell [3] .
Dead-end filtration leads to the formation of a deposit layer. With increasing filtration time, the whole size spectrum of casein micelles becomes deposited, since neither wall shear stress nor lift forces (as in cross-flow filtration) occur during dead-end filtration. The growing deposit layer influences the filtration process. The thicker the deposit layer, the stronger the flux decrease and hence the resistance of the cake. A decrease of the porosity of the cake towards the membrane could be demonstrated [4, 5] .
David et.al [6] measured the temporal evolution of the cake formation during dead-end filtration. The strong flux decrease at the beginning was assigned to the exponential increase of casein micelles on the membrane surface. A subsequent slower decrease in flux was associated with a slower growth and changes in the rheological behaviour of the deposited micelles.
The aim of this study was to investigate the structure of deposits on micro-sieves during the dead-end filtration of casein micelles. In order to improve the basic conditions for a structural study, we used sizefractionated casein micelles and silicon micro-sieves. Micro-sieves have a low surface roughness which is of advantage for structural studies and micro-sieves are of potential interest for future industrial application.
Materials & Methods

Sample preparation (casein micelles)
Casein micelles were extracted from pasteurized skim milk (T = 71 °C, t = 15 s) by sequential centrifugation. Skim milk was centrifuged for 18 min at 19000 rpm and 25 °C. The obtained pellet was re-suspended in UF-permeate while stirring for 2 h at 37 °C. Thereafter, the solution was again centrifuged for 18 min at 19000 rpm and 25 °C. A Tris-Mes-buffer (50 mM Tris base, 50 mM Meshydrat; 7,5 mM CaCl2) was now used to dissolve the pellet. After stirring for 2 h (37 °C), dust and large casein aggregates were separated by a third centrifugation step (8000 rpm, 25 °C, 10 min). The supernatant contained the size-fractionated casein micelles and were used for structural studies after dilution to a final concentration of w/w = 0.05%.
Dead-end filtration
As membranes silicon micro-sieves (Nanofiltertechnik, München) were used. The micro-sieves have 75 membranes which consist of thousands of pores each. The surface roughness of the micro-sieves was a few nanometers. The pore diameter of the sieves was 0.8 μm on an active filtration area of 0.4-0.5%. The micro-sieves were placed in a dead-end filtration module made of stainless steel. Filtration of casein micelles was performed with nitrogen gas pressure at P = 1 bar at room temperature. The flux was estimated from the weight increase of the permeate, measured by a balance (Sartorius, Göttingen, Germany).
Static and dynamic Light scattering (SLS/DLS)
Angle dependent static light scattering was measured using an ALV-5000 goniometer (ALV GmbHLangen) and a He/Ne laser light source ( = 632.14 nm). The scattered light was monitored by a photomultiplier at 40°, 65°, 80°, 100° and 135° and analyzed by a hard-ware correlator (ALV GmbhLangen).
The field correlation functions g 1 ( ) from dynamic light scattering were analysed by a one-exponential fit to obtain decay rates . From the decay rates measured at different scattering angles a diffusion coefficient D can be estimated according to:
The scattering vector (2) is a function of the refractive index n, the scattering angle and the wavelength of the used laser. The Stokes-Einstein equation relates the hydrodynamic radius R H with the diffusion coefficient D.
(3)
T is the absolute temperature; k B is the Boltzmann constant and is the viscosity of the solution. Static light scattering data were analysed taking Mie-scattering theory into account. For small particles (< /20) at low concentrations the scattered intensity is proportional to the square of the molecular weight M and the number concentration c n of the particles:
The constant K contains optical measurable quantities. If the dimension of the scattering particles is close to the wavelength of the used laser light, also the form-factor of the particles, P( ) has to be taken into account.
For spherical particles such as casein micelles the form factor is given by:
with R, the radius of the sphere.
Atomic force microscopy (AFM)
A PARK Autoprobe CP atomic force microscope was used to image the surface of casein micelles on the micro-sieves in non-contact mode. We used standard silicon gold-coated conical cantilever with a resonance frequency of 70 kHz and a spring constant of approx. 2.3 N m -1 . The AFM picture contained 256 x 256 pixels with a scan range of 2 μm x 2 μm. The scan rate was set to 0.5 Hz. Figure 1 shows the experimental techniques applied to study the formation and structure of casein micelles in the deposits on the silicon micro-sieves. The surface sensitive technique, AFM was used to determine the structure of casein micelles directly in the deposits. In detail, the size spectrum of the unfiltered casein micelles deposited on the micro-sieves was estimated. In order to monitor relative changes in the scattered intensity, static and dynamic light scattering was performed in front of (in the retentate) and behind (in the permeate) the micro-sieve. Fig. 1 . Structural methods applied to investigate the structure of casein micelles deposited on silicon-micro-sieves. AFM was used for ex-situ studies of the deposit structure. Static light scattering was used to monitor relative changes during the filtration process.
Results & Discussion
Light scattering (retentate): SLS and DLS measurements of casein micelles in solution were performed at five different scattering angles . The obtained field correlation function g 1 ( ) at the scattering angle = 100° is exemplarily shown in Figure 2A . The correlation function decays exponentially as proven by a fit with one exponential function. The corresponding fitting parameters are also shown in Figure 2A . The mono-exponential decay indicates a sharp size distribution around one prominent particle size. Figure 2B shows the decay rates obtained from the fits of the correlations functions measured at five different scattering angles as a function of the square of the scattering vector, Q 2 . The data can be analysed according to Eq.(1). The diffusion coefficient D = 2.83 10 -12 m 2 /s was extracted from the slope of the plot. The corresponding hydrodynamic radius of R H = 75.8 nm was estimated according to Eq.(3). A size distribution was estimated from dynamic light scattering measurements and showed log-normal distributed hydrodynamic radii ranging from R H = 40 to 200 nm [7] .
Atomic force microscopy: Figure 3A shows a representative AFM picture of unfiltered casein micelles. A droplet of the feed solution was deposited on the micro-sieve. The surface of deposited casein micelles appears to be homogeneous. Single casein micelles can be identified as compact and nearly spherical objects. The micelles are densely packed and show a hexagonal ordering on a local scale [7] . However, some of the micelles show also clear deviations from the spherical shape [8] during film formation. During the drying process the -casein surface layer collapses and casein micelles lose their stabilizing barrier. Consequently, point contacts between micelles transform into large surface contacts, a process comparable with the transition of spherical foam into honeycomb foams when the volume fraction of the air bubbles increases. For a more detailed analysis a cross section through the image was taken (red line in Figure 3A) . Figure 3B shows the height profiles of the casein film along three selected line cuts. Figure 4 shows the decay of the flux with filtration time. The flux-data were related to the active filtration area of the micro-sieve. After the first 5 min of filtration the high flux at the beginning decreased by 75%. During the following 35 min the flux further decreased by another 20%. As revealed by the fit the flux decrease was a consequence of the superposition of two processes. The data could be best fitted by a double exponential function. Figure 4 shows the fit to the data and the single exponential components. The estimated characteristic times were t = 1.7 min for the first and t = 12 min for the second exponential component.
Flux measurement and light scattering (permeate):
The static light scattering was recorded as a function of the filtration time t at five scattering angles . Time zero was set to the time when the valve of the nitrogen bottle was opened. In Figure 5A the scattered intensity measured after 5 min is plotted as a function of the scattering vector Q. The decrease of the intensity with increasing Q can be attributed to the form factor of the casein micelles. Since the diameter of the casein micelles is in the range of the wavelength of the laser light, casein micelles do not behave as point scatterer. Instead, the incoming laser excites several scattering centres within the particle leading to angle dependent light scattering. The intensity data was fitted by a form factor model of a sphere (Eq. (5)) with log-normally distributed radii [9] . By means of the model fit, intensity data could be extrapolated. At Q = 0 nm -1 the data are adjusted for the form-factor effect and depend only on the square of the molecular weight and the number of the scattering particles. Hence, we plotted the intensity data extrapolated to Q = 0 nm -1 as a function of the filtration time as a semi-logarithmic plot in figure 5B . With increasing filtration time, the scattered intensity decreases in two steps. In the first step, intensity drops to about 75% of the original value after a characteristic filtration time of t = 25 s. The first decay time for the light scattering is faster than those found for the flux decrease. This indicates that large micelles become first deposited on the micro-sieve, which is also supported by DLS-experiments [7] . Large casein micelles dominate the scattered light signal, since the scattered intensity is proportional to the square of the molecular weight (Eq.(3)). Their absence in the permeate leads to a strong intensity decrease. In contrast, the flux data is sensitive to the porosity and the particle area. Large deposited micelles lead to a high porosity and a comparable small surface area. Hence, the decrease of the flux is less pronounced than those of the scattered intensity. During the second process also small casein micelles become deposited in the cake leading to a smaller porosity and a larger surface area. Now, micelles migrate through the formed cake and subsequently through the pores of the micro-sieve-a process which is less affected by the particle sizes. In contrast to shorter filtration times, the size distribution measured in the permeate at longer filtration was more similar to original, unfiltered one [7] . As a result, the estimated characteristic times for the second process of both, scattering (t = 11 min) and flux data (t = 12 min) were comparable. 
Conclusion
We have investigated the cake formation of casein micelles during dead-end filtration across siliconmicro-sieves. We could find a correlation between the flux decrease with filtration time and the light scattering in the permeate. Two processes could be identified: a fast one with a characteristic time of approx. 1 min and a slower one with a characteristic time of approx. 10 min. During the first process, large micelles built up a cake while smaller micelles pass through the pores. At longer filtration times all micelles sizes become deposited in the cake and their migration into the permeate becomes independent from the micelle size. This was indicated by differences in the characteristic times of the flux and scattered intensity data and further supported by size-distributions measured by DLS in the permeate, which are discussed elsewere [7] . In the future, surface sensitive measurements on the micro-sieves in dependence of the filtration time will give new findings in the cake formation and structure of casein micelles.
